Digital Terrain Models (DTMs) represent an essential source of information that can allow the behaviour of the urban floodplain, and its interactions with the drainage system, to be examined, understood and predicted. Typically, such data are obtained via Light Detection and Ranging (LiDAR).
INTRODUCTION
The role of modelling within urban flood management is in complementing the acquisition of data to improve the information and understanding about the performance of a given drainage network, taking into account the associated urban terrain. Considerable attention has been given to the acquisition of good geometric and topographical data at adequate resolution in order to describe the primary features of the flow paths through the urban area. In this respect, a Digital Terrain Model (DTM) represents one of the most essential sources of information that is needed by flood managers. A DTM refers to a topographical map, which contains terrain elevations and, as such, it is used to characterize the terrain (or land) surface and its properties. It is a representation of the Earth's surface (or a subset of it) and it strictly excludes features such as vegetation, buildings, bridges, etc.
In urban flood modelling, DTMs are required for the analysis of the terrain topography, identification of overland flow paths and for setting up 2D hydraulic models. Nowadays, one of the most preferred techniques for modelling floods in urban areas is a coupled 1D/2D modelling approach. This technique can be used to describe the dynamics and interaction between surface and sub-surface systems. For an efficient use of 2D models the collection and processing of terrain data is of vital importance. Typically, Light Detection and Ranging (LiDAR) surveys enable the capture of spot heights at a spacing of 0.5 m to accuracy of LiDAR has increased dramatically to 0.05 m (FLI-MAP ). Thinning, filtering and interpolation are techniques that are used in the processing of LiDAR data.
Filtering is a process of automatic detection and interpretation of bare earth and objects from the point cloud of LiDAR data, which results in the generation of a DTM. To date, many filtering algorithms have been developed, and in a more general sense, most of them have become standard industry practice. However, when it comes to the use of a DTM for urban flood modelling applications these algorithms cannot always be considered suitable and, depending on the terrain characteristics, they can even cause misleading results and degrade the predictive capability of the modelling technique. This is largely due to the fact that urban environments often contain a variety of features (or objects), which have the functions of storing or diverting flows during flood events. As these objects dominate urban surfaces appropriate filtering methods need to be applied in order to identify such objects and to represent them correctly within a DTM so it can be used more safely in modelling applications. However, most of the current filtering algorithms are designed to detect vegetation and freestanding buildings only and features such as roads, curbs, elevated roads, bridges, rivers and river banks are always difficult to detect. Therefore, further improvements of LiDAR filtering techniques are needed so that modelling efforts can generate more fruitful results. The work described in this paper provides a contribution in this direction as it deals with some of these important issues (i.e. representation of elevated roads and bridges). It represents a further expansion of the work described in Abdullah et al. () . The literature to date confirms that, apart from different model formulations, the variations in the ground topography, discontinuities, representation of features, surface roughness and terrain data resolution are important factors that need to be carefully considered and accounted for in the flood modelling studies.
URBAN FLOOD MODELLING
Typically, 1D models are used to simulate flow through pipes, channels, culverts and other defined geometries. The system of 1D cross-sectional-averaged Saint-Venant equations which are used to describe the evolution of the water depth and either the discharge or the mean flow velocity consist of the conservation of mass (continuity equation) and momentum. The boundary conditions are either discharges or water levels (or depths) at conduit/channel ends. In a channel network, these are not known in advance and need to be determined by the numerical solution procedure. The solution is commonly based on a temporary elimination of variables at internal cross sections and the reduction of all equations to a system of unknown water levels.
The system of 2D shallow water equations consists of three equations: one continuity and two equations for the conservation of momentum in two Cartesian coordinates. The dynamic link that allows for the interaction of mass and momentum fluxes between the two model domains has been implemented in several commercial software packages.
Such examples are MIKE 11 for the 1D modelling system and MIKE 21 for the 2D modelling. Solving for water flows on a regular grid, as in the case of MIKE 21, has the advantage of providing an easy integration with DTMs which are most often available in a regular grid format. In the work described in this paper, the modelling part was carried out by the 1D/2D modelling technique using the above-mentioned commercial packages: MIKE 11 and MIKE 21.
ISSUES CONCERNING SPATIAL DATA AND FLOOD PROPAGATION Urban features
Apart from the variations in the ground topography and surface roughness the flow of flood water in urban areas is also controlled by the presence and distribution of buildings, roads, elevated roads and other objects. In this respect, remote sensing technology and the resulting geospatial data richness now afford a detailed description of urban landscapes and opportunities exist to improve urban flood models by tailoring schemes to this data. In this respect, 2. To span land masses a bridge will, along its length, necessarily is raised above the bare earth. Hence, along the length of a bridge, diametrically opposite points on its perimeter are raised above the bare earth.
3. A bridge is typically built to be longer than its width.
In order to properly represent elevated roads and bridges in a DTM that is required for 1D/2D flood modelling purposes, two different approaches can be applied. For a normal bridge (i.e. a bridge that crosses a river), it should be completely removed from the DTM as it is normally accounted for in a 1D model. For an elevated road, while this object needs to be removed from the DTM, if the structures underneath (such as piers) occupy larger areas which may cause diversion of the flow, they may still be needed. Currently available filtering algorithms can only partially remove an elevated road from the DTM. In such a case, the algorithm would leave behind a non-uniform topography that generates an obstruction that does not necessarily correctly represent the reality under the elevated roads. Furthermore, besides the major structure, there may be structures underneath (such as piles) that need to be considered. As these (lower) structures can play an important role in description of a flood pattern it means that careful attention should be paid to their treatment and representation.
Processing of LiDAR data
LiDAR is an active sensor (similar to radar), which transmits laser pulses at a target and records the time it takes for the pulse to return to the sensor's receiver. This technology is currently being used for high-resolution topographical mapping, by mounting a LiDAR sensor, integrated with a Global Positioning System (GPS) and Inertial Measurement Unit There is no detailed insight given into the proprietary pulse detection algorithms. The intensity may correspond to a specific amplitude of the detected echo, e.g. its maximum, but also to the integral of the returned signal over the pulse width. The need for normalized intensity values and images, respectively, is most obviously given for large LiDAR datasets containing strong elevation differences, as for example in high mountainous areas where uncorrected intensity images can hardly be used. Traditionally, intensity information has not always been chosen for feature extraction from LIDAR data because such data can be noisy.
Even though the intensity values returned by the scanning unit can be noisy, road material is typically uniform and, as such, it can be detected. By searching for a particular intensity range, it is possible to extract all LiDAR points that were on the road (see, for example, Clode et al. ).
Höfle & Pfeifer () proposed two independent methods for correcting airborne laser scanning intensities.
The first approach is based on the data-driven method and it performs the least-squares adjustment for a given empirical model including intensity and range, the major variable influencing the received signal intensity. The best results
were achieved with a model representing a range-square dependency. The second approach uses the radar equation, which describes the loss of emitted pulse power. Both correction methods achieve a significant reduction of local intensity variation within cells of a regular grid (1 m, 3 m and 5 m size) spanned over the study area and an even more significant global adjustment of the single flight strips.
It is now a widely accepted fact that a precise, rational and 
MODIFICATION OF THE PROGRESSIVE MORPHOLOGICAL ALGORITHM 1 (MPMA1)
The work concerning the development of the MPMA1 algorithm has been discussed in detail in Abdullah et al. () . In the present work, the MPMA1 algorithm has been further improved by focusing on the handling methods for elevated roads and bridges and it has led to a new algorithm,
MPMA2.
The overall aspects of the MPMA2 algorithm are:
1. The ability to detect buildings and categorize them into solid buildings, passage buildings and buildings with storage (already incorporated as part of the MPMA1 algorithm).
2. The ability to detect elevated road/train lines, to remove them from a DTM and to incorporate underneath structures.
3. The ability to detect and cross-reference the location of bridges for the purposes of setting up a 1D model and to remove them from the DTM that will be used to set up the 2D model. is given in Figure 1 . The work was carried out in three main steps:
• Step 1: Detection and removal of elevated roads and train lines.
•
Step 2: Incorporation of piles below elevated roads and trains lines.
Step 3: Detection and removal of bridges and the interpolation between the left and right bank of the river (as the river was modelled with the 1D model).
Detection and removal of elevated roads and rail lines
In reference to the detection of buildings, points were labelled as 'High' or 'Low' and 'Steep' or 'Slight' based on 'house roofs' 20-30%. As each of these classes has a different intensity value, separation between them can be relatively easily established. As mentioned above, the intensity value of 'asphalt' is approximately 10-20%. By using the typical intensity value for 'asphalt' (i.e. 10-20%), roads were then identified from the points cloud.
In order to see the correlation between intensity values and road objects, 2908 sample points from several areas that represent roads in the points cloud were extracted.
These sample points were checked for their intensity values.
From this operation it was found that, even though there were some errors, the majority of the sample points (81%)
show the values in the range between 10-20%, which corresponds to the range of intensities of asphalt values (Table 1 ). Survey data concerning typical pile geometry in the study area can be summarized in the following:
• Distance between piles, lb ¼ 32 m.
Comparison of urban DTMs
In relation to the treatment of elevated roads/train lines, the comparison of DTMs produced by MPMA1 and MPMA2
algorithms was undertaken at two typical locations ( Figure 5 ).
Location 1 in Figure 5 is situated in the north-west of the study area and has many elevated roads. Location 2 is situated at the downstream end of the study area and contains a typical bridge structure. Comparison of DTMs produced by the two algorithms is given in Figure 6 and discussed in the following section of the paper.
Evaluation of algorithms
A qualitative assessment was undertaken to evaluate MPMA1 and MPMA2. In this assessment, criteria were used that focus on the removal of elevated roads and bridges. The assessment was done by visually analyzing the performance and giving a mark with a weighted value. This weighted value is based on the filter performance in removing the features. If more than 75% of the features are removed the filter is given one mark; if Table 2 it can be noted that MPMA2 produced better results than MPMA1. This can also be followed by observing Figure 6 , which illustrates the quality of DTMs obtained by the two algorithms at the two locations (one at the location with the elevated road and the other at the location with the bridge structure).
Modelling framework
The model of the study area contains the river network and urban floodplains for which the 1D/2D commercial software packages MIKE 11/MIKE 21 (i.e. MIKEFLOOD) were uti- The drainage channel network and the river (including bridges and culverts) were modelled with a 1D model Further to the discussion given in the previous section, the 2D model built from the MPMA2 algorithm has managed to remove elevated roads, whereas the MPMA1 algorithm has not been able to do so. Furthermore, the 2D model built from the MPMA2 algorithm also contains 'solid blocks' (i.e. cells with elevations of 6 m higher than the terrain elevation) in places where the piles under elevated roads are located, whereas the 2D model built from the MPMA1 algorithm does not have such a representation (see Figure 6 , location 1). In both of the 2D models the buildings were incorporated in an equal way (buildings with basement, passage buildings and solid buildings) following the previous work (see Abdullah et al. () ). The two sets of 1D/2D models were finally obtained:
• The MIKE 11 model of the drainage channel network and the river (including bridges and culverts) and the MIKE 21 model representing the floodplain built using the MPMA1 algorithm, and
• The MIKE 11 model of the drainage channel network and the river (including bridges and culverts) and the MIKE 21 model representing the floodplain built using the MPMA2 algorithm.
In terms of the coupling with the 1D model, the 2D models were set to the bank-full level of the 1D model. 
Discussion of model results
The model results were analyzed in terms of flood depths and extent of flooded area and compared against observations taken at eight locations along the streets, shown in (1) and Jalan Parlimen (5) were found to be 74.2% and 58.6%, respectively. For the 2D model built from the MPMA1 algorithm, the differences at the same locations were 84.6% and 71%. The reason for the more significant difference for both models can be largely attributed to the effects of the spatial variability of rainfall, lack of high resolution rainfall data and proximity of measurements taken at locations 1 and 5. This was certainly not the case with the
The flood extent shown in Figure 7 is due to the combined effects of river-related overbank discharges, as well as discharges from the inland drainage system. From Figure 7 it can be observed that the model results using the DTM from the MPMA1 algorithm have generated flood areas with larger depths and smaller extents when compared to and 35% (0.02 km 2 ), respectively (Figures 8 and 9 ). Table 4 gives a summary of these results.
At all three locations, it can be noted that the 2D model built from the MPMA2 algorithm has generated a wider flood extent, which is due to the removal of elevated roads and bridges in the surrounding area, thus allowing the water to flow through. Additionally, the wider extent com- 
CONCLUSIONS
The paper describes efforts to improve one of the LiDAR filtering algorithms with the main objective to enable more accurate 1D/2D urban flood modelling. The algorithm selected for improvement is the MPMA1 algorithm which In terms of the detection of elevated road/train lines, the data fusion method was combined with the analysis of LiDAR intensities and those points that fall within the range of asphalt intensities were identified. This was done by using intensity, height, and slope information derived from the LiDAR data. Automatic procedures were developed within the code to remove the elevated roads/train lines and to incorporate the underneath piles. Furthermore, detection of bridges and their cross-referencing against geometric details of the 1D model was also undertaken. After that, the bridges were removed from the DTM (as the river was modelled with the 1D model), and the left and right banks of the river were interpolated using the Kriging method.
The modelling framework applied in the present work involved building the bathymetry for 2D models using two The difference in flood extents produced by two models was found to be of the order of 15% of the total area. In terms of the flood depth comparisons, at six out of eight locations the differences between the measurements and results from the 2D model built from MPMA2 were found to be in the range between 0.2-19.1%. In terms of the differences between the measurements and results from the 2D model built from the MPMA1 algorithm, this was between 0.4-24.7%. However, at two locations, these differences were found to be more significant for both models and they were attributed to the effects of spatial variability of rainfall, lack of high resolution rainfall data and proximity of measurements taken at identified locations.
The paper demonstrates that the terrain topography and incorporation of urban features represent a factor that could make for substantial differences between the results obtained from models with different level of details and the corresponding DTMs. This highlights the need for careful processing of raw LiDAR data and cautious generation of a DTM which is aimed to be used in urban flood modelling.
Furthermore, the requirements for description of terrain features and DTM's resolution must involve careful consideration of the geometrical features of the area under study and the objectives of the study. 
